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Description

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority and benefit from U.S. Provisional Patent Application No. 61/818,002, filed May
1, 2013, for "Simultaneous Vibroseis Acquisition,".

BACKGROUND

TECHNICAL FIELD

[0002] Embodiments of the subject matter disclosed herein generally relate to methods for seismic data acquisition
using clustered seismic vibrators that are placed at different vibration points within a predetermined distance from one
another and are activated simultaneously.

DISCUSSION OF THE BACKGROUND

[0003] In the oil and gas industry sector particularly, seismic surveys are commonly used to search for and evaluate
subterranean hydrocarbon deposits. Seismic surveys are exploration methods that gather and record data related to
seismic wave reflections from interfaces between geological layers. Seismic data is then used to create detailed models
of the underlying geological structure.
[0004] Figure 1 schematically depicts a land seismic survey system 100 for seismic exploration in a land environment.
System 100 includes a source 110 (e.g., a vibratory source) that generates seismic waves, receivers 120 (e.g., geo-
phones) for detecting the seismic reflections, and a recorder 130. Recorder 130 is configured to record electrical signals
or seismic data resulting from sampling electrical signals generated by receivers 120 upon detecting seismic reflections.
To perform the seismic survey, source 110, receivers 120 and recorder 130 are positioned on ground surface 150.
However, source 110 and recorder 130, being carried on trucks, may be repositioned, while receivers 120 are usually
arranged over the surveyed geological structure along receiver lines.
[0005] In operation, source 110 generates seismic waves that may include a surface waves 140 and body waves 160
that may be partially reflected at an interface 170 between two geological layers inside which the seismic waves propagate
with different speeds. Each receiver 120 receives the full wavefield (i.e., both surface and body waves) and converts it
into an electrical signal.
[0006] Source 110 may be a vibratory source. Vibratory sources are actuated in sweeps lasting generally between 2
and 60 seconds, during which time the vibratory sources generate seismic waves whose frequencies vary over a given
range (e.g., 2-200Hz). Receivers 120 record data for a period during and after the sweep time has ended. This period
after the sweep time is known as listening time. During listening time, source 110 may be moved from one location to
a next location according to a predetermined survey plan. The locations where seismic sources are activated are known
as vibration points.
[0007] Figure 2 illustrates a conventional land survey plan. Seismic receivers 210 (only a few are labeled) are arranged
along receiver lines 220, 224, 226. Individual seismic receivers may be deployed along the receiver lines at substantially
equal intervals, for example, of about 25 m. Distance between adjacent receiver lines (e.g., 220 to 224, or 224 to 226)
may be, for example, about 200 m. The receiver arrangement illustrated in Figure 2 may be achieved when the surveyed
area allows such a layout. However, in practice, the lines may not be parallel straight lines.
[0008] Trucks carrying seismic sources 230-241 move along shot lines SL, stopping at successive vibration points.
Figure 2 illustrates a grid of vibration points at intersections of shot lines SL (parallel to receiver lines 220, 224, 226) and
lines SN perpendicular to the shot lines SL. A distance between adjacent shot lines may be about 25 m, and a distance
between lines SN may be about 50 m. The trucks may use Global Positioning System (GPS) equipment to position the
seismic sources at the vibration points according to the survey plan. After a source generates seismic waves according
to a predetermined sweep at a vibration point, the truck moves to a next vibration point. Assuming the sources on trucks
230-241 are actuated one after another, a truck has about ª minutes to move to a new vibration point. At least one
source is ready to be activated at a vibration point when a previous sweep’s listening time ends.
[0009] A shooting plan includes a large number of vibration points to acquire the information necessary to arrive at
conclusions related to the presence and location of subterranean hydrocarbon deposits. Even if the combined sweep
and listening time for each one of the vibration points is less than 30 s, acquiring seismic data for all vibration points in
a typical survey plan takes a long time, which is expensive in terms of equipment and personnel. Meanwhile, there is a
permanent desire to increase vibration points’ density to achieve better images of the explored underground structures.
Therefore, increasing productivity is an ongoing effort.
[0010] One method of increasing productivity of acquiring seismic data known as "slip-sweep" is described in the
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publication, Wams, J. and Rozemond J. (1998), "Recent Developments in 3-D acquisition using vibroseis in Oman",
Leading Edge 17 No. 8, pp. 1053-1063. According to the slip-sweep method, a next sweep starts before the end of
listening time related to a previous sweep. The time interval between successive sweeps is known as slip time. However,
to be able to separate seismic data corresponding to the different sweeps, slip time is limited by the requirement to avoid
overlapping harmonic energy generated during successive sweeps. For example, using the slip-sweep method for a
slip time of 5 s with the plan in Figure 2, a nominal productivity of 720 surveyed points per hour may theoretically be
achieved (in practice productivity is only about 600 surveyed points per hour). To separate seismic data corresponding
to seismic vibrations produced by different sources, methods described in U.S. Patent No. 7,050,356 request acquiring
data by repeatedly sweeping at the same vibration points with different slip times. In this case, it appears the productivity
gained by starting a next sweep before a previous sweep ends is offset by repeating the sweep multiple times.
[0011] Some harmonic noise reduction algorithms have been developed, for example, as described in U.S. Patent
No. 6,603,707 and U.S. Patent No. 8,451,686. Using these harmonic noise reduction algorithms has allowed productivity
to further increase.
[0012] Another technique of increasing seismic data acquisition productivity known as "independent simultaneous
sweeping" (ISS) is described in U.S. Patent Application Publication No. 2012/0290213.
[0013] ISS uses statistical methods to remove interference due to unsynchronized overlapping sweeps of sources
located at large distances therebetween (e.g., 2 km).
[0014] However, as ISS separation remains imperfect for a large number of closely spaced sources it remains desirable
to enhance the statistical source separation by using acquisition schemes specially designed for separation.
[0015] Document US 2012/008462 discloses a method for seismic exploration of a subsurface formation, comprising
the steps of deploying seismic receivers along receiver lines over the explored subsurface formation; grouping vibratory
sources in clusters; and actuating the clusters cyclically, so that, in each cycle, the vibratory sources within one of the
clusters vibrate during a substantially same sweep time. Document US 4, 715, 020 discloses a method of performing a
plurality of vibratory surveys simultaneously, in which each vibratory source successively transmits the same signal,
except that an offset phase of the signal is selectively shifted for successive transmission, the offset phase being selected
to enable the signal from each of the vibratory sources to be recovered by data processing.

SUMMARY

[0016] To increase data acquisition productivity, closely placed vibratory sources (e.g., less than 200 m apart) are
actuated simultaneously to generate seismic vibrations encoded so as to enable separation of individual seismic data
related to seismic vibrations produced by each of the simultaneously actuated sources.
[0017] According to one object a method for seismic exploration of a subsurface formation. is proposed according to
claim 1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The accompanying drawings, which are incorporated in and constitute a part of the specification, illustrate one
or more embodiments and, together with the description, explain these embodiments. In the drawings:

Figure 1 is a schematic diagram of a land seismic survey system;
Figure 2 illustrates a conventional land survey plan;
Figure 3 illustrates a land survey plan according to an embodiment;
Figure 4 is a flowchart of a method for seismic exploration of a subsurface formation according to an embodiment;
Figure 5 illustrates phase change from cycle to cycle, according to an exemplary embodiment;
Figure 6 is a flowchart of a method for seismic exploration of a subsurface formation according to another embodiment;
and
Figure 7 is a block diagram of a controller according to one embodiment.

DETAILED DESCRIPTION

[0019] The following description of the exemplary embodiments refers to the accompanying drawings. The same
reference numbers in different drawings identify the same or similar elements. The following detailed description does
not limit the invention. Instead, the scope of the invention is defined by the appended claims. The following embodiments
are discussed using terminology of a land data acquisition system. However, similar methods may also be pertinent to
marine seismic data acquisition and to data acquisition and processing based on similar approaches, such as measuring
electromagnetic or ultrasound responses of an unknown structure to excitations injected into the structure at different
locations.
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[0020] Reference throughout the specification to "one embodiment" or "an embodiment" means that a particular feature,
structure or characteristic described in connection with an embodiment is included in at least one embodiment of the
subject matter disclosed. Thus, the appearance of phrases "in one embodiment" or "in an embodiment" in various places
throughout the specification is not necessarily referring to the same embodiment. Further, the particular features, struc-
tures or characteristics may be combined in any suitable manner in one or more embodiments.
[0021] To increase productivity, vibratory sources are grouped in clusters of two or more that emit simultaneously (i.e.,
during substantially the same sweep time). The vibratory sources in a cluster start sweeping at the same time except,
in some embodiments, for small static time differences (of 50-1000 ms) used for encoding as explained below (these
small static time differences being substantially less than the sweep time and constant along a trace). The seismic
vibrations emitted during this sweep time are encoded to enable separation of individual seismic data corresponding to
the seismic vibration emitted by each of the vibratory sources in the same cluster. Unlike in ISS methods where unsyn-
chronized overlapping sweeps are produced by distant sources, according to various embodiments, in these embodi-
ments, the vibratory sources are physically close, (e.g., at less than 200 m from one another) and are correlated time-wise.
[0022] Figure 3 illustrates a land survey plan according to an embodiment. Seismic receivers 320 (only a few are
labeled) are arranged along receiver lines 322, 324, 326. Individual seismic receivers may be deployed along the receiver
lines at substantially equal intervals of about 25 m. The distance between adjacent receiver lines (e.g., 322 to 324, or
324 to 326) may be about 200 m.
[0023] Trucks carrying seismic sources 330-341 move along shot lines SL to place and activate the sources at suc-
cessive vibration points, a grid of vibration points results from intersecting shot lines SL (parallel to receiver lines 322,
324, 326) with lines SN perpendicular to the shot lines SL. Since, for the embodiment illustrated in Figure 3, productivity
is expected to be double conventional productivity, a distance between adjacent shot lines is 25 m and a distance
between lines SN is also 25 m (i.e., increased productivity increases vibration points density for the same survey time).
The trucks may use Global Positioning System (GPS) equipment to position the seismic sources at vibration positions
according to the survey plan. After a source generates seismic waves according to a predetermined sweep at a vibration
position, the truck moves to a next vibration position.
[0024] Vibratory sources 330-341 are clustered (i.e., clusters 350, 352, 354, 356, 358, 360) so that sources in the
same cluster are actuated simultaneously (i.e., during substantially the same sweep time). Cluster 350 includes sources
330 and 331, cluster 352 includes sources 332 and 333, etc. In Figure 3, in each cluster, there are only two vibratory
sources arranged on different adjacent shot lines. However this arrangement is an illustration and not a limitation. A
cluster may include more than two vibratory sources that may be arranged differently (e.g., on the same shot line). The
clustered sources are placed close to one another when vibrating, preferably as close as two adjacent vibration points
(e.g., 25 m).
[0025] The clusters are actuated one after another, cyclically, according to a predetermined sequence or the source
activation may be coordinated by a controller 370 (in this case, the sources do not have to be activated cyclically).
Sources of at least one cluster are ready to be activated before a listening time corresponding to a previously activated
cluster has ended. The sources may remain clustered throughout the survey. However, changes in this arrangement
may be triggered by relief or occasional events (e.g., a source malfunction or additional sources).
[0026] Figure 4 illustrates a method 400 for seismic exploration of a subsurface formation, according to an embodiment.
Method 400 includes deploying seismic receivers (e.g., 320) along receiver lines (e.g., 322, 324, 326) over the explored
subsurface formation, at 410. Step 410 may be performed in preparation for a seismic survey. Sometimes, the receivers
are left on the ground for months or even years between successive surveys of a target area.
[0027] Method 400 further includes grouping vibratory sources in clusters, at 420. In Figure 3, each cluster (e.g., 350)
includes plural vibratory sources (e.g., cluster 350 includes a first vibratory source 330 and a second vibratory source
331) that are placed within a predetermined distance from one another (e.g., 25 m). However, in a broader view, at least
one of the clusters includes plural vibratory sources. The predetermined distance is less than an average distance
between adjacent receiver lines such that the same receivers detect reflections of seismic vibration due to the vibratory
sources in the same cluster.
[0028] Method 400 further includes actuating the clusters cyclically, at 430. During a cycle, each cluster is actuated
once. The vibratory sources pertaining to a cluster vibrate during a substantially same sweep time (i.e., as previously
discussed, short static time differences much smaller than the sweep time are considered insignificant). The seismic
vibrations produced by the vibratory sources in the same cluster are encoded to enable separation of recorded seismic
data into subsets, each subset corresponding to one or more of the seismic vibrations.
[0029] The seismic vibrations may be encoded by one of short time static differences, different constant phases, a
combination of time and phase differences, etc. For example, considering that the vibrations are sinusoidal, first vibrations
Y1 corresponding to a first source and second vibrations Y2 corresponding to a second source (where Y1 and Y2 may
be pressure or transverse displacement) may be written as: 
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and 

[0030] Where A1(t) and A1(t) are maxim amplitude of the first and second vibrations, respectively, f1(t) and f2(t) represent
individual sweeps (i.e., frequency variation with time for the respective source), t is time, t01 and t02 are start times of
the first and second vibrations, respectively, ϕ1 and ϕ2 are initial phases (which also can be function of time and frequency).
If the sweeps of the two vibratory sources are the same then f1(t)= f2(t).
[0031] If the first seismic vibrations and the second seismic vibrations are encoded via short time static differences,
it means that t01≠t02, while f1(t) may be equal to f2(t) and ϕ1=ϕ2=0.
[0032] If the first seismic vibrations and the second seismic vibrations are encoded via different constant phases, it
means that ϕ1≠ϕ2 (but ϕ1 and ϕ2 are constant with time or frequency) while f1(t) may be equal to f2(t) and t01=t02. For
example, Figure 5 illustrates source phases in successive cycles 550-554 for cluster 350, and successive cycles 560-568
for cluster 352. Thus, as illustrated in Figure 5, if vibrations generated by sources 330 and 332 are considered to be
reference vibrations (i.e., having 0° phases), the vibrations generated by sources 331 and 333 have randomly +90° or
-90° phase in the respective successive cycles. Thus, the phase difference between the first and second seismic vibrations
changes sign randomly in each cycle as illustrated in Figure 5.
[0033] However, in another embodiment, the sign of the phase difference between the first and second seismic vibra-
tions may regularly alternate between +90° or -90° from one cycle to a next cycle. Provided that two adjacent vibrated
points have a close enough Earth response, such a phase rotation scheme leads to a well-conditioned linear system of
the form : D = ϕ*E, where E contains the Earth response for each source, D are the recorded shot gathers and 

[0034] One skilled in the art would appreciate that the hypothesis on locality (i.e., adjacent shots have a close reflectivity)
is likely to hold in the Radon domain (frequency, slopes) for local transforms.
[0035] If the first seismic vibrations and the second seismic vibrations are encoded via a combination of time and
phase differences, it means that ϕ1=ϕ2 and t01≠t02 while f1(t) may be equal to f2(t).
[0036] The above description discusses an embodiment characterized by two-source clusters. However, in other
embodiments, one or more clusters may have more than two sources. For example, in an embodiment with three-source
clusters, source phases may rotate, taking, for example, values of 

for three consecutive shot locations (i.e., the constant phases are pre-determined according to geographical shot loca-
tions). In this matrix, each line corresponds to a successive vibration of the clustered sources.
[0037] Additionally, Figures 3 and 5 illustrate clusters having the same number (2) of sources. This is an illustration
and not a limitation. For example, one embodiment may include clusters having different numbers of sources and more
than two sources. Moreover, in one embodiment, individual sources grouped together in clusters may vary from cycle
to cycle (e.g., in a cycle, a vibratory source is clustered with an adjacent vibratory source positioned at left relative to a
source’s moving direction, and, then, in a next cycle, the vibratory source is clustered with an adjacent source positioned
at right relative to the source’s moving direction).
[0038] Since encoding makes it possible to separate (i.e., extract from the acquired seismic data) the first seismic
data corresponding to the first vibrations and the second seismic data corresponding to the second seismic vibrations,
each vibratory source is moved from a vibration point to a next vibration point during each cycle (i.e., unlike in U.S.
Patent No. 7,050,356 where data for multiple repeated sweeps with different parameters are acquired to perform such
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a separation).
[0039] The clustered sources may be selected to be as close as possible from one another. Related to this feature,
in one embodiment, no vibratory source of a cluster may be intercalated between vibratory sources of any other cluster.
[0040] Similar to the method described in U.S. Patent No. 8,451,686 for individual sources, in each cycle, the clusters
may be activated at one of a series of times defined relative to the beginning of the cycle. The time intervals between
successive times in the series may be substantially equal. In one embodiment, the clusters are activated in the same
order in each cycle. In another embodiment, the clusters are activated in a different order in successive cycles (granted
that sources in a cluster have time to move to new vibration points before being re-activated in a new cycle).
[0041] The above embodiments of simultaneous activation of clustered sources that are physically close may be
combined with the slip-sweep method. Thus in one embodiment, at least one of the clusters starts vibrating before the
end of seismic receivers’ listening time for a previously actuated cluster. In this case, the acquired seismic data may be
processed first to extract individual cluster seismic data. For example, an algorithm similar to the one described in U.S.
Patent No. 8,451,686 (HPVA) may be used to extract the individual cluster seismic data. The resulting individual cluster
seismic data is then processed to separate the first data and the second data.
[0042] In a test run using the survey plan in Figure 3 and a slip time of 5 s, nominal productivity of 1,440 surveyed
points per hour was theoretically possible, and productivity of over 1,000 surveyed points per hour was achieved.
[0043] Lately, extending the sweep frequency spectrum toward low frequencies (less than 10 Hz) has been considered
advantageous. However, in order to be able to separate those low frequencies, the methods are restricted to the use of
large static time shifts, which may be counterproductive. At those frequencies, two closely located vibratory sources
(i.e., at a distance less than for example ¨ of low-frequency vibrations’ wavelength) can emit simultaneously and in
phase such that they have the effect of a single source.
[0044] According to another embodiment, a sweep of the clustered vibratory sources includes (A) a first period during
which the first vibratory source and the second vibratory source in the same cluster have the same phase and vibrate
with low frequencies less than or equal to a threshold frequency, and (B) a second period during which the first vibratory
source and the second vibratory source have different phases and vibrate with frequencies higher than the threshold
frequency. The seismic vibrations produced by different clustered seismic sources (emitting simultaneously) are then
encoded to enable separation of seismic data corresponding to individual seismic vibrations at the frequencies higher
than the threshold frequency. The advantage of this embodiment is that more low frequency signal is recovered. The
signal to noise ratio of frequencies below the threshold will increase by a factor equal to the square root of the number
of sources in the cluster, compared to the previous embodiments where phase and shifts are not equal for the whole sweep.
[0045] During the second period, the seismic vibrations emitted by different clustered sources may be encoded by
one of short time static differences, different constant phases, and a combination of time and phase differences. In one
embodiment, during the second period, seismic vibrations emitted by different clustered sources have different constant
phases, but phase differences may change randomly in each shooting cycle.
[0046] Figure 6 illustrates a method 600 for seismic exploration of a subsurface formation according to another em-
bodiment. Method 600 includes actuating simultaneously vibratory sources placed less than 30 m from one another, at
610. Individual seismic vibrations produced by each of the vibratory sources are encoded to enable separation of individual
seismic data corresponding to individual seismic vibrations. The individual seismic vibrations are encoded by one of
short time static differences, different constant phases, and a combination of time and phase differences. Method 600
further includes acquiring seismic data at 620.
[0047] Returning now at Figure 3, controller 370, which is configured to cluster the vibratory sources and to actuate
them, may be a combination of software and hardware as illustrated in Figure 7. Hardware, firmware, software or a
combination thereof may be used to perform the various steps and operations. Controller 700, which may also be carried
by a truck, may include server 701 having a central processor unit (CPU) 702 coupled to a random access memory
(RAM) 704 and to a read-only memory (ROM) 706. The ROM 706 may also be other types of storage media to store
programs, such as programmable ROM (PROM), erasable PROM (EPROM), etc. Methods for clustering and actuating
vibratory sources according to various embodiments described in this section may be implemented as computer programs
(i.e., executable codes) non-transitorily stored on RAM 704 or ROM 706.
[0048] Processor 702 may communicate with other internal and external components through input/output (I/O) circuitry
708 and bussing 710, to provide control signals and the like. For example, processor 702 may communicate with the
sensors, electro-magnetic actuator system and/or the pressure mechanism of each source element. Processor 702
carries out a variety of functions as are known in the art, as dictated by software and/or firmware instructions. Server
701 may also include one or more data storage devices, including disk drives 712, CD-ROM drives 714, and other
hardware capable of reading and/or storing information, such as a DVD, etc. In one embodiment, software for carrying
out the above-discussed steps may be stored and distributed on a CD-ROM 716, removable media 718 or other form
of media capable of storing information. The storage media may be inserted into, and read by, devices such as the CD-
ROM drive 714, disk drive 712, etc. Server 701 may be coupled to a display 720, which may be any type of known
display or presentation screen, such as LCD, plasma displays, cathode ray tubes (CRT), etc. Server 701 may control



EP 2 992 359 B1

7

5

10

15

20

25

30

35

40

45

50

55

display 720 to exhibit images based on the acquired seismic data. A user input interface 722 is provided and may include
one or more user interface mechanisms such as a mouse, keyboard, microphone, touch pad, touch screen, voice-
recognition system, etc.
[0049] Server 701 may be coupled to other computing devices, via a network. The server may be part of a larger
network configuration as in a global area network (GAN) such as the Internet 728, which allows ultimate connection to
the sources, receivers, data storage unit, etc.
[0050] The disclosed embodiments provide methods of seismic data acquisition according to which clustered (i.e.,
physically close) sources are actuated simultaneously. It should be understood that this description is not intended to
limit the invention. On the contrary, the exemplary embodiments are intended to cover alternatives and modifications
which are included in the scope of the invention as defined by the appended claims. Further, in the detailed description
of exemplary embodiments, numerous specific details are set forth in order to provide a comprehensive understanding
of the claimed invention. However, one skilled in the art would understand that various embodiments may be practiced
without such specific details.
[0051] The written description uses examples of the subject matter disclosed to enable any person skilled in the art
to practice the same, including making and using the described devices or systems and performing any of the described
methods. The patentable scope of the subject matter is defined by the claims.

Claims

1. A method (400) for seismic exploration of a subsurface formation, the method comprising:

deploying (410) seismic receivers (320) along receiver lines (322, 324, 326) over the explored subsurface
formation;
grouping (420) vibratory sources (330-341) in clusters (350-360); and
actuating (430) the clusters cyclically, so that, in each cycle, the vibratory sources within one of the clusters
vibrate during a substantially same sweep time, characterized in that:

the receiver lines are adjacent and separated by an average distance,
in that at least one of the clusters includes several vibratory sources that are placed at less than a prede-
termined distance from one another while vibrating, said predetermined distance being less than said
average distance,
and in that vibrations generated by the vibratory sources pertaining to said at least one of the clusters are
encoded to enable separation of recorded seismic data into subsets corresponding to each of the vibratory
sources pertaining to said at least one of the clusters.

2. The method of claim 1, wherein each of the vibratory sources is moved from a vibration point to a next vibration
point during each cycle.

3. The method of claim 1, wherein the vibrations of the vibratory sources pertaining to said at least one of the clusters
are encoded by one of short time static differences, different constant phases and a combination of time and phase
differences.

4. The method of claim 1, wherein vibrations of the vibratory sources pertaining to said at least one of the clusters
have constant phases pre-determined according to geographical shot locations.

5. The method of claim 1, wherein the vibratory sources pertaining to said at least one of the clusters vibrate according
to a same sweep pattern.

6. The method of claim 1, wherein no vibratory source pertaining to said at least one of the clusters is intercalated
between vibratory sources of any other one of the clusters.

7. The method of claim 1, further comprising:

acquiring the recorded seismic data using the seismic receivers; and
separating the recorded seismic data into the subsets such that each subset corresponds to one of the vibratory
sources.
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8. The method of claim 1, wherein the clusters are activated in same order in each cycle.

9. The method of claim 1, wherein at least one of the clusters starts vibrating before a listening time corresponding to
a previously actuated cluster has ended.

10. The method of claim 1
wherein the clusters are actuated cyclically to produce seismic vibrations propagating in the subsurface formation,
so that, in each cycle, the several vibratory sources in the at least one of the clusters vibrate during a substantially
same sweep time, to generate seismic vibrations encoded to enable, for vibration frequencies higher than a threshold
frequency, separation of recorded seismic data into subsets corresponding to each of the vibratory sources.

11. The method of claim 10, wherein
the sweep time includes (A) a first period during which the several vibratory sources vibrate simultaneously with
one or more low frequencies that are less than or equal to the threshold frequency, and (B) a second period during
which the several vibratory sources are encoded and vibrate with vibration frequencies higher than the threshold
frequency, and
the threshold frequency corresponds to a wavelength exceeding the predetermined distance.

12. The method of claim 11, wherein, during the second period, the several seismic vibrations are encoded by one of
short time static differences, different constant phases and a combination of time and phase differences.

13. The method of claim 11, wherein, during the second period, the seismic vibrations have constant phases pre-
determined according to the geographical shot locations.

14. The method of claim 10, wherein at least one of the clusters starts vibrating before a listening time during which the
seismic receivers listen for seismic reflections due to a previously actuated cluster has ended.

Patentansprüche

1. Verfahren (400) zur seismischen Untersuchung einer Untergrundformation, wobei das Verfahren Folgendes umfasst:

Einsetzen (410) von seismischen Empfängern (320) entlang von Empfängerlinien (322, 324, 326) über der
untersuchten Untergrundformation;
Gruppieren (420) von Vibrationsquellen (330 - 341) in Bündeln (350 - 360); und
cyclisches Betätigen (430) der Bündel, sodass in jedem Zyklus die Vibrationsquellen innerhalb eines der Bündel
während einer im Wesentlichen gleichen Sweepzeit vibrieren, dadurch gekennzeichnet, dass
die Empfängerlinien durch einen durchschnittlichen Abstand benachbart und getrennt sind,
dadurch, dass mindestens eines der Bündel mehrere Vibrationsquellen einschließt, die in weniger als einem
vorbestimmten Abstand voneinander platziert sind, während sie vibrieren, wobei der vorbestimmte Abstand
weniger als der durchschnittliche Abstand ist,
und dadurch, dass Vibrationen, erzeugt von den Vibrationsquellen, die zu dem mindestens einen der Bündel
gehören, codiert werden, um eine Trennung von aufgezeichneten seismischen Daten in Untereinheiten zu
ermöglichen, die jeder der Vibrationsquellen entsprechen, die zu dem mindestens einen der Bündel gehören.

2. Verfahren nach Anspruch 1, wobei jede der Vibrationsquellen während jedes Zyklus von einem Vibrationspunkt zu
einem nächsten Vibrationspunkt bewegt wird.

3. Verfahren nach Anspruch 1, wobei die Vibrationen der Vibrationsquellen, die zu dem mindestens einen der Bündel
gehören, durch eines von statischen Kurzzeitdifferenzen, verschiedenen konstanten Phasen und einer Kombination
von Zeit- und Phasendifferenzen codiert sind.

4. Verfahren nach Anspruch 1, wobei Vibrationen der Vibrationsquellen, die zu dem mindestens einen der Bündel
gehören, konstante Phasen aufweisen, die gemäß geographischen Aufnahmepunkten vorbestimmt sind.

5. Verfahren nach Anspruch 1, wobei die Vibrationsquellen, die zu dem mindestens einen der Bündel gehören, gemäß
einem gleichen Sweepmuster vibrieren.
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6. Verfahren nach Anspruch 1, wobei keine Vibrationsquelle, die zu dem mindestens einen der Bündel gehört, zwischen
den Vibrationsquellen eines anderen der Bündel geschaltet wird.

7. Verfahren nach Anspruch 1, weiter umfassend:

Erfassen der aufgezeichneten seismischen Daten unter Verwendung der seismischen Empfänger; und
Trennen der aufgezeichneten seismischen Daten in die Unterelemente, so dass jedes Unterelement einer der
Vibrationsquellen entspricht.

8. Verfahren nach Anspruch 1, wobei die Bündel in jedem Zyklus in der gleichen Reihenfolge aktiviert werden.

9. Verfahren nach Anspruch 1, wobei mindestens eines der Bündel zu vibrieren beginnt, bevor eine Abhörzeit, die
einem zuvor betätigten Bündel entspricht, geendet hat.

10. Verfahren nach Anspruch 1,
wobei die Bündel cyclisch betätigt werden, um seismische Vibrationen zu erzeugen, die sich in der Untergrundfor-
mation fortsetzen, so dass in jedem Zyklus die verschiedenen Vibrationsquellen in dem mindestens einen der Bündel
während einer im Wesentlichen gleichen Sweepzeit vibrieren, um seismische Vibrationen zu erzeugen, die codiert
sind, um für Vibrationsfrequenzen über einer Schwellenfrequenz die Trennung von aufgezeichneten seismischen
Daten in Unterelemente, die jeder der Vibrationsquellen entsprechen, zu ermöglichen.

11. Verfahren nach Anspruch 10, wobei
die Sweepzeit einen ersten Zeitraum (A) einschließt, währen dessen die verschiedenen Vibrationsquellen gleichzeitig
mit einer oder mehreren niedrigen Frequenzen vibrieren, die kleiner oder gleich der Schwellenfrequenz sind, und
(B) einem zweiten Zeitraum, während dessen die verschiedenen Vibrationsquellen codiert werden und mit Vibra-
tionsfrequenzen vibrieren, die höher als die Schwellenfrequenz sind, und
die Schwellenfrequenz einer Wellenlänge entspricht, die den vorbestimmten Abstand übersteigt.

12. Verfahren nach Anspruch 11, wobei während des zweiten Zeitraums die verschiedenen seismischen Vibrationen
durch eines von statischen Kurzzeitdifferenzen, verschiedenen konstanten Phasen und einer Kombination von Zeit-
und Phasendifferenzen codiert werden.

13. Verfahren nach Anspruch 11, wobei während des zweiten Zeitraums die seismischen Vibrationen konstante Phasen
aufweisen, die gemäß den geographischen Aufnahmepunkten vorbestimmt sind.

14. Verfahren nach Anspruch 10, wobei mindestens eines der Bündel vor einer Abhörzeit zu vibrieren beginnt, während
der die seismischen Empfänger seismische Reflektionen aufgrund dessen abzuhören, dass eine zuvor betätigtes
Bündel geendet hat.

Revendications

1. Procédé (400) pour l’exploration sismique d’une formation sous la surface, ce procédé comprenant :

le déploiement (410) de récepteurs sismiques (320) le long de lignes de récepteurs (322, 324, 326) au-dessus
de la formation sous la surface explorée ;
le groupement (420) de sources vibratoires (330-341) en groupes (350-360) ; et
l’actionnement (430) des groupes de manière cyclique de façon à ce que, dans chaque cycle, les sources
vibratoires de l’un des groupes vibrent pendant sensiblement le même temps de balayage, caractérisé en ce
que :

les lignes de récepteurs sont adjacentes et séparées d’une distance moyenne,
en ce qu’au moins un des groupes comprend plusieurs sources vibratoires qui sont placées à moins d’une
distance prédéterminée les unes des autres pendant la vibration, ladite distance prédéterminée étant in-
férieure à ladite distance moyenne,
et en ce que les vibrations générées par les sources vibratoires appartenant audit au moins un des groupes
sont encodées afin de permettre une séparation des données sismiques enregistrées en sous-ensembles
correspondant à chacune des sources vibratoires appartenant audit au moins un des groupes.
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2. Procédé selon la revendication 1, dans lequel chacune des sources vibratoires est déplacée d’un point de vibration
vers un point de vibration suivante pendant chaque cycle.

3. Procédé selon la revendication 1, dans lequel les vibrations des sources vibratoires appartenant audit au moins un
des groupes sont encodées par une parmi des différences statiques de courte période, différentes phases constantes
et une combinaison de différences de temps et de phase.

4. Procédé selon la revendication 1, dans lequel les vibrations des sources vibratoires appartenant audit au moins un
des groupes présentent des phases constantes prédéterminées selon des emplacements géographiques de tir.

5. Procédé selon la revendication 1, dans lequel les sources vibratoires appartenant audit au moins un des groupes
vibrent selon un même motif de balayage.

6. Procédé selon la revendication 1, dans lequel aucune source vibratoire appartenant audit au moins un des groupes
n’est intercalée entre des sources vibratoires d’un autre des groupes.

7. Procédé selon la revendication 1, comprenant en outre :

l’acquisition de données sismiques enregistrées à l’aide des récepteurs sismiques ; et
la séparation des données sismiques enregistrées en sous-ensembles de façon à ce que chaque sous-ensemble
corresponde à une des sources vibratoires.

8. Procédé selon la revendication 1, dans lequel les groupes sont activées dans le même ordre dans chaque cycle.

9. Procédé selon la revendication 1, dans lequel au moins un des groupes commence à vibrer avant qu’un temps
d’écoute correspondant à un groupe actionné précédemment ne soit terminé.

10. Procédé selon la revendication 1,
dans lequel les groupes sont actionnés de manière cyclique afin de produire des vibrations sismiques qui se propage
dans la formation sous la surface, de façon à ce que, dans chaque cycle, les plusieurs sources vibratoires dans
l’au moins un des groupes vibrent pendant sensiblement un même temps de balayage, afin de générer des vibrations
sismiques encodées pour permettre, pour des fréquences de vibrations supérieures à une fréquence seuil, la sé-
paration des données sismiques enregistrées en sous-ensembles correspondant à chacune des sources vibratoires.

11. Procédé selon la revendication 10, dans lequel
le temps de balayage comprend (A) une première période pendant laquelle les plusieurs sources vibratoires vibrent
simultanément avec une ou plusieurs basses fréquences qui sont inférieures ou égales à la fréquence seuil et (B)
une deuxième période pendant laquelle les plusieurs sources vibratoires sont encodées et vibrant avec des fré-
quences de vibration supérieures à la fréquence seuil et
la fréquence seuil correspond à une longueur d’onde dépassant la distance prédéterminée.

12. Procédé selon la revendication 11, dans lequel, pendant la deuxième période, les plusieurs vibrations sismiques
sont encodées par une parmi des différences statiques de courte période, différentes phases constantes et une
combinaison de différences de temps et de phase.

13. Procédé selon la revendication 11, dans lequel, pendant la deuxième période, les vibrations sismiques présentent
des phases constantes prédéterminées selon les emplacements géographiques de tir.

14. Procédé selon la revendication 10, dans lequel au moins un des groupes commence à vibrer avant qu’un temps
d’écoute pendant lequel les récepteurs sismiques écoutant les réflexions sismiques dues à un groupe actionné
précédemment se termine.
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